The periodic formation of somites during vertebrate segmentation has been suggested to involve a molecular 'segmentation clock'. Recent observations of cyclic Lunatic fringe expression in chick and mouse embryos link the segmentation clock to Delta-Notch signalling.
The details of somitogenesis, and the terminology, are slightly different for the different classes of vertebrates [1] . The recent revelations have come mainly from mouse and chick embryos, on which we concentrate here. Somites are formed from presomitic mesoderm -a continuous slab of loosely packed cells on each side of the body axis, generated in the primitive streak and deposited by it as it moves tailwards, like a trail of vapour from a travelling jet engine. As the newly-generated mesoderm cells mature, they change their adhesive properties and, at a certain critical distance from the primitive streak, abruptly aggregate, in such a way that the trail of presomitic mesoderm becomes broken up into discrete epithelial balls of cells -the somites. These form a precise, regular series, with perfect symmetry between the two sides of the body.
The outcome of somite formation is an alternating pattern in space, but to an observer watching the region where cells are becoming mature for segmentation, the process appears as an oscillation in time, between two styles of cell behaviour -cohesion to form a somite at one moment, and detachment to form a cleft at the next. This prompted long ago the speculation that somite formation might be controlled by some kind of oscillator in the cells of the presomitic mesoderm: the cells would cohere or detach from one another according to which phase of their oscillation they were in at the moment when they reached maturity. This is the 'clock-and-wavefront' model [2, 3] , where 'clock' refers to the oscillator, and 'wavefront' refers to the travelling interface between immature (presomitic, oscillating) and mature (somitic, oscillation-arrested) mesoderm.
We now know, from studies in the chick [4] , that there is indeed an oscillation of just the type hypothesized ( Figure 1 ). Newly-generated mesoderm cells emerging from the primitive streak oscillate, in synchrony with one another, in their level of expression of hairy1, which encodes a basic-helix-loop-helix transcription factor and is a homologue of one of the Drosophila 'pair-rule' segmentation genes. The time for one oscillation cycle equals the time for formation of one somite -90 minutes in the chick. As the cells mature, the rate at which they go round the gene expression cycle slows down, until finally their cycling comes to a halt as they embark on somite formation: cells arrested in a state of high hairy1 expression can be seen to form posterior portions of somites, whereas those arrested in a state of low hairy1 expression can be seen to form anterior portions. But does this reflect a causal connection, and if so, what is the mechanism that links hairy1 expression with the physical process of somite formation?
Delta-Notch signalling
Even before the oscillatory hairy1 expression pattern was discovered, it was clear that the cells at the anterior end of each somite have a different character from those at its posterior end [1] , and express different genes. For example, the genes Delta1 (Dll1), Mox1 and Uncx4.1 are expressed in the posterior but not the anterior half of each new somite [5] [6] [7] . The periodic pattern in the physical structure -somite, cleft, somite, cleft and so on -is thus associated with a periodic pattern in the biochemical character of the cells -anterior, posterior, anterior, posterior and so on.
Genetic studies support the view that the periodic biochemical pattern is fundamental, and the physical pattern is under its control. The physical pattern is disrupted in mice with a knock-out mutation in the paraxis gene, where cells fail to aggregate into epithelial somites, but the periodic pattern of cell characters -and ultimately the pattern of cell differentiation -is apparently preserved [8] . But mutations in components of the Delta-Notch signalling pathway, which disrupt the periodic pattern of gene expression, perturb the physical pattern of segmentation: the somites, in so far as they form at all, are irregularly variable in size, and no longer symmetrical between the two sides of the body. The chemical pattern may not be absolutely necessary to make clefts between somites, but it is certainly needed to put the clefts in the right places, presumably by regulating the local adhesive affinities of the cells.
The crucial role of Delta-Notch signalling in somitogenesis ( Figure 1 ) has been demonstrated in many ways [9] , and seems to be different from its more familiar role in neurogenesis, where it mediates the lateral inhibition that singles out isolated cells for a neuronal fate. In neurogenesis, the nascent neurons express the signal molecule Delta on their surfaces and thereby inhibit their neighbours, which express the receptor Notch, both from differentiating as neurons and from expressing Delta. The effect of this lateral inhibition is to force neighbouring cells to become different. In the somitic mesoderm, by contrast, groups of neighbouring cells behave cooperatively, showing a locally uniform level of Delta expression and having the same fate, in a manner that is more suggestive of lateral induction than of lateral inhibition.
Irregular or defective somites and disrupted segment polarity are seen in mice with knock-out mutations of all sorts of components and modulators of the Delta-Notch signalling pathway -Notch1, Dll1, RBP-Jκ, presenilin1 and Lunatic fringe [5] [6] [7] [10] [11] [12] . They are seen also in the spontaneous pudgy mouse mutant, with a small deletion in the Delta-like-3 (Dll3) gene [13] , and in humans with Alagille syndrome, where a dominant mutation in the gene for the Deltarelated Notch ligand Jagged1/Serrate1 leads, probably by haplo-insufficiency, to vertebral malformations [14, 15] .
In Xenopus and zebrafish embryos, similar somite defects are seen following injections of mRNAs coding for proteins that either block the Delta-Notch signalling pathway or activate it ubiquitously [16, 17] . Evidently, there is a requirement for boundaries where high levels of Delta-Notch activity confront low levels. A curious feature noted in almost all these cases, and in a whole subset of zebrafish somite mutants [18] , is that the most anterior somites -the first five or so -remain relatively normal despite the posterior disruptions, suggesting that their formation may be controlled differently from that of the more posterior somites.
The missing link
The hairy1 oscillator and the Delta-Notch signalling pathway seem both to be key parts of the somiteformation machinery, but how are they linked? Delta1 and Notch1 are both strongly and uniformly expressed in the newly-generated presomitic mesoderm but, in the chick at least, their mRNA levels do not appear to oscillate there. In the more mature mesoderm, however, their expression resolves into stripes corresponding to the nascent somites. This suggests that the segmentation clock may control somite formation by modulating Delta-Notch signalling in the region where segmentation is occurring.
Recent papers strongly support this idea and identify Lunatic fringe as the, or at least a, linking component. Lunatic fringe is a vertebrate homologue of Drosophila Fringe, a putative secreted protein that acts in the fly wing disc to potentiate Notch activation by Delta and to inhibit Dispatch R869
Figure 1
Somite formation in a chick embryo, as seen at two days of incubation, with a summary of the proposed underlying processes. The details of how the Delta-Notch signalling pathway functions in somite formation are still unclear. The feedback loops regulating Delta1 expression according to the level of Notch activation seem to be different from those that operate during neurogenesis, where Delta-Notch signalling mediates lateral inhibition, and more like those seen during boundary formation at the insect wing margin. Notch activation by the alternative ligand Serrate [19, 20] . At the wing margin, Notch activation in turn stimulates expression of Delta and Serrate, giving rise to a complicated positive feedback loop that creates bands of increased Delta and Serrate expression on either side of the boundary of the Fringe expression domain.
McGrew et al. [21] and Forsberg et al. [22] have now shown that, during somite formation in chick and mouse, Lunatic fringe expression oscillates, throughout the presomitic and segmenting mesoderm, in a spatiotemporal pattern that closely resembles that of hairy1. At the tail end of the embryo the levels of expression of the two genes are exactly in phase with one another, although they fall slightly out of phase more anteriorly. Knock-out mutations of Lunatic fringe in the mouse cause disturbances of segmentation and gene expression similar to those seen with mutations of Delta1 or Notch1 [6, 7] .
We can infer that Lunatic fringe expression is driven up and down by the segmentation clock, and that it in turn drives the decisive pattern of changes in Notch activity and Delta expression in the segmenting mesoderm. Blocking protein synthesis with an inhibitor halts the cycling of Lunatic fringe but not that of hairy1, implying that Lunatic fringe is not part of the oscillation generator itself but is downstream from it [21] . Expression of Lunatic fringe could, for example, normally be switched on and off by the oscillating levels of Hairy1 protein.
More questions
Many mysteries remain. How is the oscillation generator itself constructed? What are the molecular changes that arrest the oscillation as the cells mature? Precisely how does the cycling Lunatic fringe mRNA transfer the effect of the oscillation to the Delta1 and Notch1 expression pattern in the maturing cells? Is the machinery of somite segmentation the same as that of boundary formation at the Drosophila wing margin?
Lastly, what, if any, is the relationship between the mechanisms that create vertebrate somites and those that create insect body segments [9] ? In the chick, hairy1 expression has the same periodicity as the somites themselves, and seems to be involved similarly in the development of each one. By contrast, the homologous gene hairy in Drosophila is, as mentioned above, a pair-rule gene, a key player in segmentation but one required only for alternate body segments. The involvement of hairy genes in both cases suggests that the vertebrate and the insect might make their segments in a similar way, but the different periodicities imply that the corresponding genes play different parts in the two processes.
Meanwhile, the zebrafish, true to its status as an honorary fly, has been reported [23] 
